Symbioses of grasses and fungal endophytes constitute an interesting model for evolution of mutualism and parasitism. Grasses of all subfamilies can harbor systemic infections by fungi of the family Clavicipitaceae. Subfamily Poöideae is specifically associated with epichloë endophytes (species of Epichloë and their asexual derivatives, the Neotyphodium species) in intimate symbioses often characterized by highly efficient vertical transmission in seeds, and bioprotective benefits conferred by the symbionts to their hosts. These remarkable symbioses have been identified in most grass tribes spanning the taxonomic range of the subfamily. Here we examine the possibility of codivergence in the phylogenetic histories of Poöideae and epichloë. We introduce a method of analysis to detect significant codivergence even in the absence of strict cospeciation, and to address problems in previously developed methods. Relative ages of corresponding cladogenesis events were determined from ultrametric maximum likelihood H (host) and P (parasite = symbiont) trees by an algorithm called MRCALink (most recent common ancestor link), an improvement over previous methods that greatly weight deep over shallow H and P node pairs. We then compared the inferred correspondence of MRCA ages in the H and P trees to the spaces of trees estimated from 10,000 randomly generated H and P tree pairs. Analysis of the complete dataset, which included a broad host-range species and some likely host transfers (jumps), did not indicate significant codivergence. However, when likely host jumps were removed the analysis indicated highly significant codivergence. Interestingly, early cladogenesis events in the Poöideae corresponded to early cladogenesis events in epichloë, suggesting concomitant origins of the Poöideae and this unusual symbiotic system.
Introduction
The Epichloë species and their asexual derivatives (Neotyphodium spp.), fungal symbionts of cool-season grasses (Poaceae subfamily Poöideae), have been the subject of considerable interest in the evolution of plant-symbiotic microorganisms, and specifically with respect to the possibility of diffuse phylogenetic tracking (codivergence) Tredway et al. 1999; Jackson 2004; Sullivan and Faeth 2004; Piano et al. 2005) . The grass-endophyte symbioses span a continuum including antagonistic and mutualistic interactions, largely depending on their relative degrees of asexual and sexual reproduction. These endophytes extensively colonize host vegetative tissues without eliciting symptoms or defensive responses, and in many grass-endophyte species combinations this systemic colonization extends to the host ovule and embryo, leading to vertical transmission (Freeman 1904; Sampson 1933; Sampson 1937) . The asexual endophytes rely upon vertical transmission for their propagation. The alternative, horizontal transmission strategy is manifested by sexual (Epichloë) species, which can produce fruiting structures (stromata) that surround and prevent maturation and seed production by the affected host tillers. Meiotically derived ascospores ejected from the stromata colonize florets and thereby infect seeds forming on nearby compatible hosts . In some symbiota, such as Epichloë typhina infecting Dactylis glomerata (orchard grass), every inflorescence bears stromata and all seed production is abolished. However, in many other symbiota mixed vertical and horizontal transmission occurs on the same host plant, where some inflorescences have stromata and others produce normal, albeit endophyte-infected seeds.
The species of Epichloë have been circumscribed by extensive mating studies, molecular phylogenetics, and surveys of hosts. Most show a high correspondence between mating populations and phylogenetic clades, and are specialized to distinct host species, genera, or tribes (Craven et al. 2001) . Epichloë baconii and E. typhina (sensu stricto) are exceptional in exhibiting paraphyly to other species, and E. typhina has a broad host range that includes grasses in three different tribes (Poeae, Agrostideae, and Brachypodieae). Schardl et al. (1997) addressed the possibility of codivergence of grasses and the sexual endophytes and found that the phylogenetic topology among Epichloë species with a mixed transmission strategy largely mirrors that of the respective grass tribe phylogeny. However, variations in the degree of host specificity, and some clear deviations from mirror phylogenies, have made it difficult to assess whether codivergence plays a role in evolution of these symbionts.
Interpreting evidence for codivergence (cocladogenesis) based solely on congruency in tree topologies has come under scrutiny (Page and Charleston 1998) . Precise mirror phylogenies for co-evolving hosts and symbionts (even vertically-transmitted ones) are rarely observed, and might be overly restrictive or misleading. Incomplete taxonomic sampling or differences in mutation rates within or between hosts and symbionts, as well as lineage sorting of gene polymorphisms, can result in topological incongruencies. A lack of complete congruence can also result from various evolutionary processes including speciation in the symbiont without corresponding speciation in the host (species duplication), horizontal transfers (jumps) whereby a symbiont species transfers partially or completely to a new host, extinction of a symbiont lineage, and failure of the symbiont to speciate in response to a host speciation event. Although such processes contradict strict cospeciation, they would also mask tendencies for phylogenetic tracking that may be of interest, for example by suggesting extensive coadaptation over evolutionary time periods. Therefore, methods are needed to assess evidence for significant codivergence. Here we introduce a method of analysis to address the hypothesis that a group of hosts and symbionts have a significant degree of historical codivergence, based on ages of corresponding most recent common ancestors (MRCAs) inferred from ultrametric maximum likelihood (ML) trees. We point out that the common approach employing pairwise molecular distances between extant taxa (leaves of the phylogenetic tree) is flawed by grossly unequal sampling of MRCAs, and introduce the MRCALink algorithm to address this distortion. From the set of sampled pairs of MRCA divergence times in an ML tree reconstructed with a group of hosts, and an ML tree reconstructed with a group of symbionts (parasites), we estimate the probability of similarity between the host tree and the parasite tree using randomly generated trees from the tree space. This estimated probability is used to test the hypothesis of significant historical codivergence.
Material and Methods

Fungal Endophyte Isolates and Endophyte-Infected Grasses
The cool-season grasses and their respective fungal endophytes are listed in Table 1 . All endophytes examined were from natural infections from which the corresponding natural host plant, or leaf material from this plant was available for chloroplast sequence analysis. Representatives of all available Epichloë species and nonhybrid Neotyphodium species were included. In most cases where an Epichloë species infects multiple host genera, isolates from each genus were sampled. The sole exception was E. typhina, for which codivergence can be rejected a priori due to its broad host range (Leuchtmann and Schardl 1998; Craven et al. 2001) . Many Neotyphodium species are interspecific hybrids, and therefore possess multiple genomes of distinct origin. These were usually excluded because of the difficulty in choosing the appropriate genome for analysis. However, four hybrid endophytes associated with Lolium species were included because they possess genomes in a clade (designated LAE, for Lolium-Associated Endophytes) that was unrepresented among those of known Epichloë species. Each of these four species -Neotyphodium coenophialum, Neotyphodium occultans, Neotyphodium sp. FaTG2 and Neotyphodium sp. FaTG3 -had a distinct history of interspecific hybridization (Tsai et al. 1994; Moon et al. 2000) .
Isolation of Plant DNA
Genomic DNA was isolated from 0.5-1.0 g of harvested endophyte-infected plant leaf material by the CTAB method of Doyle and Doyle (1990) , and dissolved in 1 mL of purified water (Milli-Q; Millipore Corp., Bedford, Massachusetts). DNA was quantified by bisbenzimide fluorescence, measured with a Hoefer (San Francisco, California) DyNA Quant 200 fluorometer.
Sequencing of Chloroplast DNA (cpDNA) Non-Coding Regions PCR amplification of one intron (trnL intron) and two intergenic spacers (trnT-trnL, trnLtrnF) from cpDNA was performed from total plant DNA with primers described by Taberlet et al. (1991) . Reactions were performed in 50 µL volumes containing 15 mM Tris-HCl, 1.5 mM MgCl 2 , 50 mM KCl, pH 8.0 in the presence of 200 µM of each dNTP (Panvera, Madison, Wisconsin), 200 nM of each primer (Integrated DNA Technologies, Coralville, Iowa), 1.25 unit Amplitaq Gold DNA polymerase (Applied Biosystems, Foster City, California), and 10 ng of genomic DNA. Reactions were performed in a PE Applied Biosystems DNA thermal cycler, with a 9 min preheat step at 95 o C to activate the enzyme, followed by 35 cycles of 1 min at 95 o C, 1 min at 55 o C, and 1 min at 72 o C. All amplification products were verified by 0.8% agarose gel electrophoresis, followed by visualization with ethidium bromide staining and UV fluorescence. The concentration of amplified products was estimated by comparison with a 100 bp quantitative ladder (Panvera). The amplified cpDNA products were purified with Qiaquick spin columns (Qiagen Inc., Valencia, California), then sequenced by the Sanger method with a BigDye Terminator Cycle version 1.0 or 3.1 sequencing kit (Applied Biosystems) or CEQ 2000 Dye Terminator Cycle Sequencing kit (Beckman-Coulter, Fullerton, California). The primers used in PCR were also used in sequencing, along with several primers designed for internal sequencing of amplified cpDNA fragments (Table 2) . Both DNA strands were sequenced. Products were separated by capillary electrophoresis on an Applied Biosystems model 310 genetic analyzer or on a CEQ 8000 genetic analyzer (Beckman-Coulter) at the University of Kentucky Advanced Genetic Technologies Center. Sequences were assembled with either Sequence Navigator software (Applied Biosystems) or Phrap (CodonCode Corporation, Dedham, Massachussets). Sequences were entered into GenBank as accession numbers AY450932-AY450949 and xxxxx-xxxxx. 
Endophyte DNA Sequences
Beta-tubulin and translation-elongation factor 1-alpha gene sequences for the endophytes included in this study were obtained previously (Craven et al. 2001; Moon et al. 2004) . Employing a standardized gene nomenclature for Epichloë and Neotyphodium species, these genes are designated tubB (formerly tub2) and tefA (formerly tef1), respectively.
Phylogenetic Tree Reconstruction and Analysis
Sequences were aligned with the aid of PILEUP implemented in SEQWeb Version 1.1 with Wisconsin Package Version 10 (Genetics Computer Group, Madison, Wisconsin). PILEUP parameters were adjusted empirically; a gap penalty of two and a gap extension penalty of zero resulted in reasonable alignment of intron-exon junctions and intron regions of endophyte sequences and intergenic spacer and intron regions of cpDNA sequences. Alignments were scrutinized and adjusted by eye, using tRNA or protein coding regions as anchor points. For phylogenetic analysis of the symbionts, sequences from tubB and tefA were concatenated to create a single, contiguous sequence of approximately 1400 bp for each endophyte, of which 357 bp was exon sequence and the remainder was intron sequence. For phylogenetic analysis of the hosts, sequences for both cpDNA intergenic regions (trnT-trnL and trnL-trnF) and the trnL intron were aligned individually then concatenated to give a combined alignment of approx. 2200 bp.
Phylogenetic trees were inferred with PAUP* b4.10 (Swofford 1998) with the general time reversible + Gamma + Proportion Invariant (GTR + G + I) model which was selected by the software MrModelTest vers. 2.0 (Johan A. A. Nylander, Uppsala University, http://www.csit.fsu.edu/nylander/mrmodeltest2readme.html) (Posada and K.A. 1998) as the model of nucleotide substitution that best fits the data. The GTR + G + I model is the GTR model with gamma distributed rate variation among sites and a proportion of invariant sites. Based on published phylogenetic inference for the grass subfamily Poöideae (Soreng and Davis 1998) , Brachyelytrum erectum was chosen as the outgroup for reconstructing the grass phylogenies. The corresponding endophyte, Epichloë brachyelytri, was the outgroup chosen for endophyte phylogenies.
Support for internal nodes of the inferred phylogenies was estimated using the parametric bootstrap method implemented in PAUP*, with 1000 replications under a MP criterion and a branch-and-bound search option with simple stepwise addition of sequences and tree bisectionreconnection branch swapping.
To evaluate evidence for a molecular clock among both endophyte and grass taxa, likelihood ratio tests (LRTs) were performed separately on both gene sequence data sets using the parameters estimated with MRModelTest 1.1b as described above. Heuristic searches were conducted in PAUP* using a likelihood criterion with random taxon addition and tree bisection reconnection branch swapping. Ten replicates were performed for both host and endophyte. LRT test statistics for each were calculated by multiplying by two the difference of the negative log likelihoods of trees inferred from the same parameters, one of which had an enforced molecular clock (all terminal taxa lie equidistant from the root). As the clocklike model is simply a special case of the more general nonclock model, it represents the null hypothesis. The LRT value was then compared to a critical chi-square value with n − 2 degrees of freedom (where n is the number of taxa), and if greater, then the null hypothesis of a molecular clock was rejected (Felsenstein 1981) .
Ultrametric Time Trees
Using r8s vers. 1.71 (http://ginger.ucdavis.edu/r8s/) (Sanderson 2002) , we transformed the ML trees inferred via PAUP* into ultrametric time trees. In an ultrametric time tree the total of branch lengths from the root to any leaf (extant sequence) represents an absolute distance in one-dimensional space; i.e., the distance from the root to any leaf is the same. The r8s program first constrains all leaves to be the same height (representing the present time). Then r8s minimizes a penalty function by wiggling the internal nodes of the tree without changing its topology. Each branch is assumed to have an average rate of mutation, and the addends of the penalty function are functions of the differences of these branch-wise rates across the internal nodes, i.e., the least-squares algorithm for fitting the ultrametric is applied. The least-square algorithm utilizes a squared loss penalty function to enforce the ultrametric inequality generalized for asymmetry in estimating an ultrametric tree. The effect on rates is that they are constrained not to change much after a divergence event. This method is called non-parametric rate smoothing (NPRS).
The MRCALink Algorithm
From the ultrametric trees reconstructed via the ML method and the least square method, pairwise distances were computed for all pairs of leaves for each tree. Let X be the set of leaves in the tree T and let R be the set of all real numbers. A distance matrix for a tree T is a matrix M whose entry M (i, j) stands for the mutation distance from a leaf i to a leaf j and a pairwise distance between a node i and a node j, D(i, j). Note that since all trees are ultrametric, a divergence time of a pair of leaves is the pairwise distance between the leaves divided by 2.
Given a set of host taxa H and a set of symbiont taxa P ("parasites," in keeping with other literature in the field), there is a bijection map called L : H → P such that a host A ∈ H has a parasite L(A) ∈ P living inside of it. Define MRCA(A, B) to be the node representing the Most Recent Common Ancestor of leaves A and B and define time(t) to be the divergence time of the node t. All possible pairs of leaves in H, and all possible pairs of leaves in P , are computed by the following algorithm, which we name MRCALink. Assume that the host tree T H and the parasite tree T P are binary and ultrametric.
Algorithm 1 (The MRCALink Algorithm).
• Input: a set of host taxa H, a set of parasite taxa P , the H tree T H , and the P tree T P .
• Output: A set of pairs of divergence times with respect to host taxa and divergence times with respect to parasite taxa.
• We assign a unique number for each node in the host tree T H and in the parasite tree T P such that:
-Each leaf has a unique number from 1 to n, where n is the number of taxa.
-Each node has a unique number such that its number is bigger than its children.
• Set S = ∅, U = ∅, X = ∅ and Y = ∅.
• for i from n + 1 to 2n − 1, do:
-Find all descendant leaves from a left node of i in H and all descendant leaves from a right node of i. Compute all possible pairs of a descendant leaf from a left node of i and a descendant leaf from a right node of i. LetX be the set of all such pairs in H.
-SetȲ = ∅.
-whileX = ∅, do: • Return U .
Note that to apply this algorithm we assume that both trees are strictly bifurcating. However, the endophyte tree T P has multifurcations, i.e., some descendant edges have zero branch length. Thus, we assigned a very small branch length to every zero-length branch.
Significance of Codivergence
In this section we are interested in computing the probability of codivergence of the host tree and the symbiont tree from the set of pairs of pairwise distances (MRCA ages) we sampled in the previous section. The basic idea behind of our method is the following: First we generate random ultrametric trees with the same divergence time from the root to each leaf as the host tree and the parasite tree. Then for each pair which we sampled, we take the difference between the pairwise distances in the pair. Then we sum them up. Thirdly, we compute the same value for each random tree. Then we compare the value for the host and the parasite trees and each pair of random trees. We do this comparison for all random trees. The estimated probability of codivergence is the number of events, which the value for the host tree and the parasite tree is smaller than a pair of random trees, divided by the total number of pairs of random trees.
More mathematically, we computed the probability of codivergence of the host tree T H and the symbiont tree T P using pairwise distances: Let τ H be the set of all ultrametric trees with n taxa such that the distance from the root to each leaf is the same as T H and let τ P be the set of all ultrametric trees with n taxa such that the distance from the root to each leaf is the same as T P . Let S(X, Y, T, t) be a function from τ P × τ E to R + , the set of all nonnegative real numbers, such that
where T ∈ τ H , t ∈ τ P , X is a set of pairs of taxa in H, and Y is a set of pairs of taxa in P . We obtain the sets X and Y by setting X = X and Y = Y = L(X) from Algorithm 1. Then we estimate the probability
where p is the p-value of the hypothesis of codivergence for T H and T P , by randomly generating trees from τ H and τ P .
We generate 10, 000 random trees with the given branch length from the birth-death process via PAML (Yang 1997) for each T H and T P . For each tree, we used birth rate 0.5, death rate 0.5, and sampling fraction 1. Results are expressed as probabilities of codivergence p which is the complement of the probability that the pattern of corresponding node ages are random. Thus we do not reject the hypothesis that T H and T P are codivergent if p is bigger than 0.9.
Results
PCR amplification of trnT-trnL and trnL-trnF intergenic spacers and the trnL intron from endophyte-infected host plant genomic DNA yielded products of the approximate sizes expected (approx. 850-950 bp, 400-450 bp for trnT-trnL and trnL-trnF, respectively; 350-600 bp for the trnL intron). The reconstructed parametric ML tree of host cpDNA sequences is shown in Figure 1 . In general, the inferred relationships among grass tribes were in good agreement with published grass phylogenies inferred by various genetic criteria (Soreng and Davis 1998; Kellogg 2001; Catalán et al. 2004) . Host grasses in the tribes Poeae, Agrostideae (syn = Aveneae), and Bromeae all formed monophyletic clades. Two of the three grasses in tribe Hordeeae (syn = Triticeae) -Hordeum brevisubulatum and Elymus canadensis -also grouped in a well-supported clade. However, Hordelymus europaeus, currently classified in the Hordeeae, grouped in the Bromeae clade basal to the Bromus species. Among the grasses in the tribe Poeae, a clear Table 1. phylogenetic separation between the fine-leaf fescues (Festuca subg. Festuca) and the broadleaf fescues (Lolium subg. Schedonorus = genus Schedonorus) was evident (Fig. 1) . Among the broad-leaf fescues in this analysis were three hexaploids previously classified as Festuca arundinacea, and representing plants from Europe (shown as L. arundinaceum), southern Spain (Lolium sp. P4074) and Algeria (Lolium sp. P4078) (Tsai et al. 1994) . The latter two plants had closely related cpDNA phylogenies in a subclade basal to the European plant and species of Lolium subg. Lolium. Given this relationship, plants P4074 and P4078 are listed here as an undescribed Lolium species. The Poeae clade also had Holcus mollis in a basal position, and was the sister to the Agrostideae clade.
The precise branching order of the most deeply rooted grasses was poorly resolved (Fig. 1) . The exception was Brachypodium sylvaticum (tribe Brachypodieae), which was placed nearest the clade comprising tribes Agrostideae, Poeae, Hordeeae and Bromeae. This result agreed with published studies (Soreng and Davis 1998; Kellogg 2001) , which also indicate that tribe Brachyelytreae (represented by Be. erectum) diverged very early in the evolution of the coolseason grasses. Therefore, we chose Be. erectum to outgroup root the grass phylogeny.
Endophyte Phylogenies
The combined sequence data set (tubB + tefA) for epichloë endophytes was approx. 1400 bp in length. The ML phylogeny inferred from the combined sequences was in accord with the individual gene trees published earlier (Moon et al. 2004 ). The ultrametric time tree inferred by r8s is shown, together with the host ultrametric time tree, in Figure 2 . Table 1 .
Two large clades of endophytes were well supported, and included only isolates from corresponding clades of the grasses (Fig. 2) . One of these included several species associated with either Agrostideae or its sister tribe Poeae, or both. This clade included E. baconii, E. amarillans, E. festucae and its closely related asexual species N. lolii, as well as an Epichloë sp. isolate from Holcus mollis. Also included in this clade was the LAE (Lolium-associated endophyte) subclade of sequences from asexual symbionts of Lolium species. The endophytes with LAE genomes were all interspecific hybrids with additional genomes from E. festucae, E. typhina or E. bromicola; species that have contributed genomes to a large number of hybrid endophytes (Moon et al. 2004) . Because the LAE genomes have not been identified in any sexual (Epichloë) species, it is possible that the clade represents an old asexual lineage. If so, the LAE genome is very likely to have been transmitted vertically due to its loss of sexual reproduction, which is the main or exclusive route of horizontal transmission of endophytes Brem and Leuchtmann 1999) .
Another clade grouped endophytes from sister grass tribes Bromeae and Hordeeae. This clade included E. elymi, E. bromicola, and asexual endophytes from Bromus purgans, He. europaeus, and H. brevisubulatum.
Epichloë glyceriae and Neotyphodium gansuense, infecting grasses in tribes Meliceae and Stipeae respectively, were placed at basal positions relative to the other endophyte species. Another basal clade grouped E. typhina from L. perenne with E. sylvatica and two asexual endophytes, Neotyphodium typhinum and Neotyphodium aotearoae.
Tests for a Molecular Clock
Clock-like evolution was evaluated for endophyte and host cpDNA sequences by likelihoodratio tests. Among the host grasses, inclusion of all taxa resulted in rejection of clock-like evolution at the 5% level: the log-likelihood was -5137.83 for the parametric tree (where branch lengths were free to vary) and -5167.74 for the ultrametric tree (where branches were constrained to be clock-like). Interestingly, when only the Agrostideae, Poeae, Bromeae and Hordeeae were analyzed, the log-likelihood score of the parametric tree was -4260.48 and the score of the ultrametric tree was -4271.06. These values were not significantly different at the 5% level, suggesting that cpDNA sequences in this clade of grasses are evolving in a clock-like manner. For the endophytes, inclusion of all taxa resulted in rejection of the null hypothesis of rate constancy at the 5% level. The log likelihood score of the parametric tree was -4188.79, and the score of the ultrametric tree was -4235.59. These results suggest that ultrametric time trees are most appropriate for comparing internal node ages for host and endophyte, as described later.
Comparison of Endophyte and Host Tree Topologies
Several major groups or clades in the endophyte phylogeny corresponded to clades within the host phylogeny (Fig. 2) . For example, sister host tribes Agrostideae and Poeae mostly coincided with a similar grouping of their endophytes. Within tribe Poeae, a group containing L. multiflorum, L. arundinaceum, and Lolium sp. plants P4074 and P4078 was mirrored by the branching orders of their respective LAE-clade endophytes. The sister clade relationship of Lolium and Festuca species was reflected by the LAE and E. festucae sister clades, and the basal position of Hol. mollis within tribe Poeae was nearly matched by that of its corresponding symbiont. Similarly, endophytes of the sister tribes Bromeae and Hordeeae grouped in a clade. Grasses in basal host tribes Brachyelytreae, Stipeae, and Meliceae corresponded to basal endophyte clades E. brachyelytri, N. gansuense, and E. glyceriae, respectively.
Several instances of incongruence between host and endophyte phylogenies were also evident both within and across clades (Fig. 2) . Notable cases involved E. typhina and two related asexual endophytes, N. typhinum and N. aotearoae. All three of these endophytes infect grasses in tribes Poeae (E. typhina and N. typhinum) or Agrostideae (N. aotearoae), yet they grouped in a clade that was maximally divergent from the larger clade of endophytes from these grass tribes. Other examples of incongruence involved an E. festucae isolate from Koeleria cristata (tribe Agrostideae), N. lolii (an asexual derivative of E. festucae) from L. perenne, and E. elymi from Bro. purgans.
Analyses of Codivergence
Corresponding pairs of H (host) and P (endophyte) MRCA ages were obtained from ultrametric time trees by MRCALink, and the significance of codivergence was estimated from randomly generated tree pairs. For the full grass and endophyte trees, p = 0.3618, indicating that the correspondence in ages was not significantly different from random. This result was not surprising considering some obvious cases of discordance between the trees, which were further investigated by trimming taxa (Table 1) and repeating the analyses.
An obvious source of discordance between endophyte and host trees was E. typhina and related endophytes. Both N. lolii and the E. typhina isolate in this study were from L. perenne, but the endophytes were maximally divergent from one another (Fig. 2) . Previous surveys have indicated that E. typhina has an unusually broad host range, and is ancestral to asexual endophytes (such as N. typhinum) in several other grasses (Leuchtmann and Schardl 1998; Moon et al. 2004; Gentile et al. 2005) . Therefore, the first trimmed tree set, T 1 (Table 1) , had these taxa removed, and the host and endophyte T 1 trees were estimated. Analysis of the T 1 set gave a higher probability of codivergence (p = 0.8734), which, however, was not statistically significant. The hypothesis, that the entire clade including E. typhina, N. typhinum, E. sylvatica, and N. aotearoae contributed most of the discordance, was tested by eliminating all four of these taxa and their hosts in tree set T 2 . The calculated probability of codivergence for T 2 (p = 0.8679) was comparable to that of T 1 .
Trimmed set T 3 (Table 1 ) had E. typhina and N. typhinum and their hosts removed, as well as other taxa that appeared likely to represent jumps of endophytes between divergent hosts; namely N. lolii and its host L. perenne, the E. festucae-K. cristata symbiotum, and the E. elymi-Bro. purgans symbiotum. The basis for considering these to be likely jumps was that the symbiont species were much more common on other grass genera: E. festucae on Festuca species, and E. elymi on Elymus species (Craven et al. 2001; Moon et al. 2004 ). The probability of codivergence for the taxa in the T 3 set was highly significant, at p = 0.9923. Removal of all taxa that had been removed for T 2 and T 3 gave set T 4 , for which we also found no evidence against of codivergence (p = 0.9981).
Given the evidence that codivergence was an important trend in the T 3 and T 4 taxon sets, estimated mutation rates of the fungal sequences and host sequences were compared. After sequences were removed to generate the T 4 set, positions with only gaps were removed, generating an alignment of 2120 positions for the hosts and 1363 positions for the endophytes. In both cases, the great majority of sites were noncoding sequences. Parsimony trees were inferred with all character state changes equally weighted. The host tree was 536 steps (= 253 steps per 1000 alignment positions), and the endophyte tree was 285 steps (= 209 steps per 1000 positions). Thus, the evolution rates of host chloroplast intergenic sequences and endophyte nuclear intron sequences were comparable.
Bivariate plots of relative ages of corresponding MRCAs in host and symbiont trees (Fig. 3 ) had more points above than below the diagonal for the full taxon set as well as all four trimmed sets. This pattern was primarily due to the high diversity of endophytes symbiotic with members of the sister tribes Poeae and Agrostideae. Conversely, the endophytes of the more basal host tribes represented basal lineages relative to the large clade of Poeae-and Agrostideae-associated symbionts.
Discussion
The MRCLALink Method
In this study we have taken a novel approach to investigate codivergences between hosts and symbionts (parasites), which differs from others (Page and Charleston 1998; Legendre, Desdevises, and Bazin 2002; Jackson 2004) in that it is less dependent on the actual phylogenetic topologies, and constitutes a more direct comparison of historical cladogenesis events represented by inferred MRCA ages in ultrametric time trees. The reason for avoiding a strong dependence on the phylogenies pertains to the biology of the system, and the method of directly comparing MRCA ages is to avoid excessive weighting of deeper nodes compared with shallower nodes. We now discuss each of these issues in turn.
Based on the relationships of host species and endophyte species, we do not expect mirror phylogenies, because most extant endophyte species inhabit multiple host species and even multiple (albeit usually related) host genera. Therefore, the speciation events leading to host clades should not precisely correspond to the speciation events leading to corresponding symbiont clades in this system. Nevertheless, it should be possible to ask the question whether there is a tendency for host and endophyte cladogenesis events to correlate in time. If they do, then there may be a particular biological reason for this correlation that can be explored further. Because the codivergences will not necessarily be at the speciation level -so they would not represent simultaneous evolution of genetically isolated host and symbiont populations -phylogenies are unlikely to mirror each other. This is analogous to the lineage-sorting phenomenon whereby gene trees may not represent species trees if much of the sequence divergence predates speciation events (Page and Charleston 1998) . In this case, symbiont trees need not mirror host trees to the extent that speciation events do not correspond precisely in time. In the case of the grass-endophyte system, our results suggest a pattern of codivergence, but we expect that host speciation tends to predate endophyte speciation, such that endophytes may be specialized to host genera, subtribes or tribes.
Our method involves direct comparison of MRCA ages, rather than analysis of host and symbiont pairwise distance matrices, which is often used in studies of codivergence (Legendre, Desdevises, and Bazin 2002) . The pairwise distance approach is attractive in that it seems not to require inference of phylogenies, for which lineage sorting of preexisting polymorphisms may give phylogenies that inaccurately represent histories of speciation (Page and Charleston 1998) . Nevertheless, there is a true phylogeny of species, and each pair of leaves (extant taxa) for which a pairwise distance is calculated represents the node in that phylogeny that is their MRCA. Codivergence implies that the MRCA of a host leaf pair occurred at the same time as the MRCA of a symbiont leaf pair. If we test all host leaf pairs and corresponding symbiont leaf pairs in order to derive a statistical test of the null hypothesis that there is no significant relationship between host and symbiont MRCA times, a problem emerges in the number of times each MRCA is sampled. For example, in the case of symmetrical and mirror (balanced) H and P trees, the frequency of node sampling (= 2 2m−2 where m is the level in the tree) increases exponentially as one goes deeper into the tree.
In fact, analysis of all pairwise distances will generate a bias in favor of codivergence for almost any data set because any corresponding deep divergences would be sampled much more frequently than any node pair in which the corresponding H or P divergence is shallow ( Figure  4 ). For example, suppose we have the situation that both trees are balanced and the tree topologies are congruent. Then the MRCA pair constituting the roots of both trees is sampled (n/2) 2 times (where n is the number of taxa in each tree), whereas the MRCA pairs from corresponding tip clades are sampled only once. To examine the more generalized case of H and P trees that may not be balanced or congruent, 10,000 random H and P trees were generated with 25 taxa in PAML by the birth-and-death process with birth rates = 0.5, death rates = 0.5 and mutation rates = 100. Then, for each pair of H and P trees we identified all corresponding leaf pairs and counted how many times each MRCA pair was identified. The maximum number of times any MRCA pair was sampled averaged 111 in the 10,000 simulations.
In this study we introduce the MRCALink algorithm to specifically identify valid H and P MRCA pairs to compare for divergence times, and to avoid repeated sampling of any MRCA pairs. The aforementioned analysis indicates that this method of sampling nodes is a substantial improvement over the use of complete pairwise distance matrices. However, future improvement could account for effects of incongruence of H and P trees. As shown in Figure 4 , the nodes (MRCAs) of subtrees where such incongruences exist will tend to be sampled more than the nodes in congruent subtrees, even though each node pair is sampled no more than once. This is a minor distortion compared to that of the pairwise distance matrix methods, and should have the effect of biasing the result against the codivergence hypothesis. It may be possible to devise weighting or sampling schemes to reduce or eliminate this bias. Table 1 ). Root ages were set to 100 arbitrary units for both trees. The diagonal lines represent expectation for perfect cospeciation and perfect phylogenetic reconstruction.
Endophyte Codivergences with Hosts
In an earlier study comparing grass and endophyte evolutionary histories, the topological relationships of host tribes matched those of Epichloë species with a mixed mode of transmission . However, no asexual lineages were included, and the possibility that some of the strictly sexual, horizontally transmitted species might also have a history of codivergence was not assessed. More importantly, the inference of codivergence was based on branching order, not relative timing of cladogenesis events. Although mirror phylogenies are suggestive of codivergence, it is the concomitance of corresponding cladogenesis events that defines codivergence (Hafner and Page 1995) . Conversely, unless the codivergences correspond to actual speciation events (that is, isolation of populations into distinct gene pools), lineage sorting effects can prevent H and P phylogenies from mirroring each other (Page and Charleston 1998) . Therefore, we undertook the current study to assess codivergence by a more direct assessment of relative ages of corresponding cladogenesis events. P tree MRCA pair Pairs of H and P taxon pairs (5,5') ((1,2),(1',2')) (6,6') ((3,4),(3',4')) (7,7') ((1,3),(1',3')), ((1,4),(1',4')), ((2,3),(2',3')), ((2,4) P tree MRCA pair Pairs of H and P taxon pairs (5,5') ((1,2),(1',2')) (7,6') ((3,4),(3',4')) (7,7') ((1,4),(1',4')), ((2,4),(2',4')) (6,7') ((1,3),(1',3')), ((2,3),(2',3')) Figure 4 : Simple examples of congruent and incongruent H and P trees (each strictly bifurcating), demonstrating the relationships of MRCA pairs to their corresponding pairs of H and P taxon pairs. In an ultrametric time tree, the distance between any two taxa is twice the age of their MRCA. In each tip clade a MRCA uniquely relates two taxa. However, a MRCA deeper in the tree relates multiple taxon pairs. Therefore, for congruent H and P trees the matrix of all pairwise distances of H taxon pairs against all pairwise distances of P taxon pairs represents each corresponding pair of tip clade MRCAs only once, and each corresponding pair of deeper MRCAs multiple times. This relationship is more complicated in the case of incongruent trees, which nevertheless tend to give greater representation to pairs of deeper MRCAs than to pairs of shallower MRCAs in pairwise distance matrices. The MRCALink algorithm samples corresponding H and P MRCA pairs only once.
The null hypothesis was that relative ages of corresponding host and endophyte MRCAs were unrelated. If all sampled taxa were included, the null hypothesis was not rejected. This, however, was expected for the full data set for two reasons: (1) topology within the E. typhina clade bears no resemblance to that of the hosts, in keeping with the fact that E. typhina is a broad host-range species, and (2) some of the topological discordances in other clades strongly suggested occasional host jumps. Topological discordances tended to involve rarer associations. For example, E. festucae has only been identified in K. cristata once, but is very common in Festuca species. These features of the grass-endophyte system allowed for a rational basis for trimming trees of exceptions to assess support for codivergences in remaining taxa. When E. typhina and its asexual derivative N. typhinum were removed the significance of codivergence increased dramatically, though the null hypothesis was still not rejected. When these and three likely representatives of host jumps were removed, the null hypothesis of random relationship of H and P MRCA ages was rejected at 1 − p < 0.01. Phylogenetic placement of E. sylvatica is peculiar in that E. typhina is paraphyletic to E. sylvatica, but if E. typhina is removed the position of E. sylvatica relative to the remaining taxa fits well with the corresponding host phylogenies. So the test was conducted with and without E. sylvatica and the other five likely host jumps removed. In both cases, the null hypothesis was rejected at p > 0.99.
Various factors may cause a tendency for codivergence in evolution of these symbioses. For example, it may be much more likely for an endophyte to colonize a new host species that is closely related to its host of origin than a host that is more distantly related. A less likely (though not mutually exclusive) scenario would be speciation of hosts driven in part by adaptation to different symbionts. For example, considering that benefits of these endophytes are likely to be highly dependent on environmental conditions, geographical separation of the combined host-endophyte systems followed by different selective forces in the separate populations might eventually lead to a circumstance (after the populations merge again) in which sharing of endophytes is less beneficial to the hosts. Analogously to the problem of hybrid disadvantage, a "hybrid symbiotum disadvantage" may simultaneously promote evolution of genetic isolation for both the hosts and their endophytes (Thompson 1987) . However, it is also possible that hosts will tend to benefit from endophytes that have adapted to related hosts, but will benefit far less or actually suffer detriment from endophytes adapted to distantly related hosts. So, for example, most E. typhina, E. baconii and E. glyceriae strains infecting their hosts cause complete suppression of seed production, thus eliminating a means of dispersal (seeds) as well as a means of genetic diversification (meiotic recombination) that could enhance survivability of host progeny in the face of changing environmental factors. In contrast, endophytes such as E. festucae, E. elymi, E. brachyelytri, and E. amarillans allow substantial seed production by producing their fruiting structures (stromata) on only a portion of the tillers of the infected plant (Leuchtmann and Schardl 1998; Schardl and Moon 2003) . The situation with E. bromicola and E. sylvatica is more complicated because expression of host seeds or endophyte stromata depends on host and endophyte genotypes, but these species also have the potential to be far less damaging to their hosts than are E. typhina, E. baconii and E. glyceriae. It should be much more to the benefit of a host to maintain compatibility with the benign or mutualistic Epichloë species than with the more antagonistic species. Indeed, E. typhina has a broad host range and clearly has not codiverged with those hosts, which is why this species and the asexual endophytes most closely related to it were removed in the trimmed data sets for analysis of codivergence. The question is whether the remaining narrower host-range endophytes have tended to codiverge with their hosts, and our results suggest that this is the case.
Origins of Poöideae and Epichloë Endophytes
The symbioses of grasses with epichloë endophytes are unusual in their systemic and constitutive nature, and in highly efficient vertical transmission for most. These characteristics lend themselves to mutualism, which is often characterized by bioprotective effects conferred by the endophytes on their hosts (Clay and Schardl 2002) . Also remarkable is the taxonomic range of grasses possessing epichloë endophytes. The Epichloë species as currently circumscribed, plus the Neotyphodium species that derive from them, are restricted to the grass subfamily Poöideae. These endophytes are associated with most tribes of the subfamily, spanning the taxonomic range from Brachyelytrum to Lolium species. Furthermore, our analysis indicates that the pattern of host and endophyte codivergence extends back to the emergence of the earliest branches of the Poöideae. The possibility that these symbiotic systems emerged with the origin of the grass subfamily is intriguing. Kellogg (2001) postulated an early shift from shady to sunny habitats in subfamily Pooideae. According to this hypothesis, lineages derived following the split from the Brachyelytreae lineage moved into open habitats where, presumably, competition was less intense but solar radiation and drought was more prevalent. Additionally, such early colonizers may have been more conspicuous to potential herbivores. Protection from herbivory and drought are among the better documented effects of the epichloë endophytes (Clay and Schardl 2002 ). Kellogg's hypothesis adds perspective to our results suggesting that codivergence between cool-season grasses and their endophytes originated with the Poöideae. It is reasonable to suggest that these symbioses may have played an important role in this habitat shift and that the mutualistic tendencies that these fungi commonly impart to their hosts (drought tolerance, herbivore resistance, etc.) are a direct reflection of these new selective pressures faced in open habitats. Even the more antagonistic endophytes that severely restrict seed production would probably have exerted a strong effect on structuring emerging grassland communities. Following this habitat transition, these symbionts may have significantly enhanced host fitness, aiding the radiation of a highly successful and speciose grass subfamily.
